We demonstrate a photonic microwave generator on the heterogeneous silicon-InP platform. Waveguide photodiodes with a 3 dB bandwidth of 65 GHz and 0.4 A/W responsivity are integrated with lasers that tune over 42 nm with less than 150 kHz linewidth. Microwave signal generation from 1 to 112 GHz is achieved.
Introduction
There is an urgent need to increase data capacity to prepare for the projected demands of wireless access services [1] . Millimeter-wave-over-Fiber (MoF) communication systems [2] [3] [4] are considered one of the best options to satisfy those demands. The final mile of these systems utilize remote antenna units (RAU) [1] in which integrated lasers, modulators, and high-speed photodiodes are key elements [5] . The use of heterogeneous silicon-III/V technology to integrate all the essential optical-to-electrical (O-E) and electrical-to-optical (E-O) components on one chip is an effective way to reduce the size, cost, and energy consumption of these RAUs.
In this study we demonstrate a novel heterogeneously integrated silicon-InP photonic microwave generator. An important element is the integration of the high-speed photodiode to be used in this system. A 3 dB bandwidth of 65 GHz and a reasonable internal responsivity of 0.4 A/W are achieved. At 70 GHz operating frequency, the measured saturation current is as high as 9 mA.
We also explore two types of tunable laser used in this chip. Wavelength tuning up to 42 nm and laser linewidths below 150 kHz are demonstrated.
Finally, a fully-integrated microwave generator chip combining both laser and photodiode is discussed. The outputs from two tunable lasers are beat on a fast photodetector to generate variable frequency microwave signals. The conceptual chip schematic is shown in Fig. 1 . Signal generation from DC up to 112 GHz is demonstrated, showing that the heterogeneous silicon-InP platform is a viable option for RAU in MoF systems. 
Fabrication
Rib waveguides were fully etched in 500 nm thick silicon-on-insulator (SOI) with 1 μm of buried oxide. The III/V was bonded directly to the silicon in the process described by [6] to allow evanescent coupling into the quantum well and PD absorber regions. Three distinct InP stacks were bonded to the SOI to be used for gain, modulator, and photodiode sections. These were designed to allow them to be co-processed to reduce the number of steps.
Photodiode structures and measurement
Figure 2(a) shows a conceptual cross-section of the photodiode (PD). Figure 2 (b) shows a schematic of the top-view of the SOI waveguides. The waveguide width is tapered to gradually couple the optical power from the SOI waveguide to upper III-V active layers. The active region is overlaid in green and also represents the size of the p-contact layer. The length of the final 0.6 μm waveguide and the width of the active region (w) are not specified in the figure because two different sizes of III-V active PD were fabricated. The device active area ( w l × ) for devices A and B is 120 ( 4 30 × ) and 45 ( 3 15 × ) μm 2 , respectively. Figure 2 (c) shows an SEM image of the PD, where the SOI waveguide is buried below thick (~3.5 μm) dielectric layers (oxide and BCB) and cannot be seen. The thick dielectric is used to reduce the parasitic capacitance of the device from probe pads. Figure 3(a) shows the measured dark I-V curve for both devices. Both show clear rectifying behavior with low dark currents (10 nA at −2 V bias for 120 μm 2 ). Also, although device B has a smaller active area, it exhibits a larger dark current than that of A. This implies that the dark current in these devices mainly originates from surface state induced leakage current, which is proportional to the perimeter to volume ratio, rather than from bulk defects in the III-V material [7] . Fig. 2(a) , the III-V active region is composed of p-i-n PD structure with a 400 nm intrinsic In 0.53 Ga 0.47 As absorption layer and InP cladding layers. The simulation [ Fig. 3 (b) ] shows that the launched optical power from the input facet can be almost completely absorbed within the 30 μm device length. This indicates that device A should have a higher responsivity than device B due to its longer active region. After de-embedding the wavelength dependent facet coupling loss (~10 dB), the extracted DC internal responsivity of devices A and B is around 0.4 and 0.25 A/W, respectively, as shown in Fig. 3(c) . Both traces show a broad optical window greater than 100 nm. PD measurements were performed at 23 °C. It should be noted that the facets for these devices were located near each other on the test bar, so variations in facet loss should be minimal.
The measured bias dependent O-E frequency response under low (1 mA) and high (3 mA) output photocurrents for device A can be seen in Fig. 4 . From near dc (100 MHz) to 67 GHz, this measurement is taken with a lightwave component analyzer (Agilent, N4373 D). For measurement beyond 67 GHz, the setup was changed to a two-laser heterodyne-beating system. The photo-generated MMW power was measured with an E-band (60-90 GHz) power sensor (Keysight, E8486A) and MMW waveguide probe (GGB, Model 90). For lower output photocurrent (1mA), the measured 3-dB O-E bandwidth of device A under −5 V is close to 65 GHz. However, for 3 mA output photocurrent it is clear that a high reverse bias voltage (−5V) is necessary to maintain the same 3-dB O-E bandwidth performance at 65 GHz. This indicates that the higher reverse bias voltage is necessary to compensate for the speed degradation induced by the space-charge screening (SCS) effect, which is usually observed in high-speed PDs under high-power operation [8] . Also, under a low reverse bias (−1 V), the photodiode ceases to work beyond low frequency operation. This is attributed to a more pronounced SCS effect and the insufficient depletion of the In 0.53 Ga 0.47 As absorption layer under such a small reverse bias. The parasitic and junction capacitances usually result in an RC-limited speed performance of high-speed PDs on Si [9] . One way to reduce the RC time constant is to decrease the active area of the PD. This was done by fabricating device B which has a much smaller active area than device A (45 vs. 120 μm 2 ). Figure 5 shows the measured O-E frequency response under 1 mA output photocurrent and different voltage biases for device B. In spite of the difference in active area, the 3-dB O-E bandwidth for device B is very close to that of device A (67 vs. 65 GHz). This implies that the RC-limited bandwidth is not the dominant limiting factor in the net O-E bandwidth of the PDs demonstrated here. To achieve a more clear understanding of the relationship between the O-E bandwidth roll-off, the RC limitations and the carrier transit time, an equivalent circuit model was created for the PD A. The RC-limited bandwidth (ƒ RC ) was extracted using the measured microwave reflection coefficients (S 11 ) of the photodiode [10] . Figure 6 shows the adopted equivalent circuit model used for the fitting of the measured S 11 parameters. The extracted values of all circuit elements except R T and C T are included in a table, as well as a Smith chart with the measured and fitted S 11 curves. C J and R J are the junction capacitance and resistance, respectively. R C represents the differential resistance of the active diode. C P is the parasitic capacitance induced by the probe-pad co-planar waveguide configuration. R P and L P represent the ohmic loss and inductance, respectively, of these metal lines. R G and C G are the dielectric loss and capacitance from the dielectric layer (BCB and SiO 2 ) below the probe metal. VCCS signifies voltage-controlled source. The PAD simulation blocks used included the parasitic effects of the co-planar waveguide. These parameters were calculated using momentum simulation software (HFSS).
To extract ƒ RC from the photodiode model, the elements R T and C T were removed, as these are used to model the low-pass frequency response of the internal carrier transit time [10] . The fitted curve in Fig. 6(b) matches the measured fairly well for PD A from near DC to 67 GHz, but the fitting of the smaller Type 2 PD proved difficult. The extracted RC-limited frequency response for PD A is shown in Fig. 4(a) in green and exhibits a 3 dB roll-off at 133 GHz. Comparing the extracted RC-limit to the 67 GHz 3 dB bandwidth of the photodiode leads to the conclusion that the combined O-E bandwidth is predominately carrier transit time limited. Assuming an average carrier drift velocity of 5.3 ͯ 10 4 m/s in the InGaAs active layer [8] with 400 nm thickness, the calculated transit-limited bandwidth is ~74 GHz which matches the 67 GHz measured result fairly well. Additional improvements in speed could be accomplished by reducing the thickness of the active region [11] , and thus reducing the transit time. However, this has the drawback of reducing the mode overlap with the active region and thus reducing responsivity.
The photo-generated microwave power from a 70 GHz sinusoidal beat tone is shown for both photodiode A and B in Fig. 7 . The output power was measured with an E-band power sensor and de-embedded from the 1.12 dB of loss from the E-band WR-12 waveguide probe. There is about 10~11 dB difference between the ideal output power and that measured. The discrepancy in power is attributed to high-frequency roll-off which was measured to be 4~5 dB at 70 GHz, and a 50% optical modulation depth in our optical system during measurement which corresponds to another 6 dB of power loss. The maximum saturation current is 9 mA at −5 V bias for PD A, and 6.5 mA for PD B. Photodiode A exhibits higher responsivity, higher saturated output current and power, and a nearly identical 3 dB roll-off point. Thus, it is the photodiode of choice for the microwave generator. 
Laser structures and measurement
Two types of lasers were used in this chip. The first is a ring-bus-ring (RBR) laser which utilizes two ring filters in drop configuration in series and two teardrop reflectors. The second is a single-sided coupled-ring resonator (CRRx1) laser which utilizes a CRR mirror [12] [13] [14] [15] on one side as both reflector and filter, and a teardrop reflector on the other side. A schematic of both types is shown in Fig. 8 . Both lasers use ring filters of different circumference in order to make use of the Vernier effect. Resistive heaters overlay the rings to provide active tuning of the wavelength. Ring circumferences of the RBR laser are 256 μm and 271 μm giving an expected tuning range greater than 40 nm. For the CRRx1 laser, the selected circumference values for Ring 1 and Ring 2 were 337 μm and 368 μm respectively, and the selected power coupling coefficient values for Κ 1 , Κ 2 , and Κ 3 are 2.25%, 2.25%, and 36% respectively.
The CRR mirror functions by coupling the light from the bus waveguide into Ring 2, which has a large coupling coefficient. Some of this light is also coupled into the second ring where it can couple back into the bus waveguide. This allows the light to reverse direction and to be filtered by two rings. A more detailed description of CRR mirror properties is found in [12] and [13] . The calculated function of the passive ring filters is shown in Fig. 9 .
An optical photo of the two laser types is shown in Fig. 10 . Wavelength tuning for both lasers was mapped out vs. ring heater power [ Fig. 11 ]. The RBR laser had a tuning range of 42 nm and the CRRx1 laser had a tuning range of 21 nm. Maximum measured output power was 7.7 mW for the RBR laser and 10.5 mW for the CRRx1 laser as collected with an integrating sphere. The difference in power is due to the difference in mirror reflectivity. The laser linewidths were tested using the delayed self-heterodyne method [16] . In this method the collected light is split into two arms. One arm is delayed by more than the coherence length. In this case we used 10 km of fiber. The other arm passes through an acousto-optic modulator which shifts the frequency by 100 MHz. When the light is brought back together on a photodiode and measured on an electrical spectrum analyzer (ESA), the resulting spectrum is double the linewidth of the laser. A schematic of the linewidth test setup is shown in Fig. 12 and plots of the measured spectra are shown in Fig. 13 . Coincidentally, both the RBR laser and the CRRx1 achieved the same best linewidth, 148 kHz, which is a respectable result. For comparison, recent results of a widely tunable monolithically integrated external cavity laser in the O-band achieved 50 kHz best linewidth [17] , which is only ~3 times lower than these integrated lasers. However, while the CRRx1 laser showed linewidths below 200 kHz across the tuning range, the RBR laser went as high as 280 kHz when tuning. Although both lasers showed a clear peak wavelength tuning map, the CRRx1 laser would often lase in multiple modes, making it more difficult to tune as desired. The RBR laser is much simpler to operate due to its consistent single frequency operation.
Photonic microwave generator measurement
The completed photonic microwave generator chip is shown in Fig. 14 . Testing of the completed chip included 8-pin probe cards for each laser, and a 67 GHz ground-signal-ground (GSG) probe for the photodiode. The electrical signal was measured using a Rhode and Schwarz 50 GHz FSU Spectrum Analyzer (ESA), and the optical signal was captured through a lensed fiber and monitored on a Yokogawa AQ6370C optical spectrum analyzer (OSA). Figure  15 shows a schematic of the test setup. Higher frequency measurements used an E-band WR-12 waveguide probe in conjunction with a Keysight E8486A E-band power sensor. Both the RBR and the CRRx1 lasers were used in the microwave generator. The CRRx1 was used for its higher output power, and the RBR laser was tuned to match it. A plot of the measured microwave power is shown in Fig. 16 . By tuning one laser relative to the other the beat tone frequency is swept across from 1 to 112 GHz. The measured power roll-off does not correspond exactly with the photodiode roll-off, which is attributed to differences in laser power at different tuning settings. The optical spectra for the first 50 GHz are plotted in Fig. 17 . It is notable that these results were accomplished without any off-chip amplification. In addition, compared with the MMW generator on a III-V platform [18] , our demonstrated heterogeneously integrated silicon-III/V PIC has more advanced tunable laser structures, which could provide wider tuning range in optical central wavelengths (tens of nm vs. several nm) with a narrower linewidth (~0.25 vs. ~2 MHz) [19] and benefit the photo-generated beat signal up to the THz regime with acceptable phase noise. Furthermore, by combining the advanced fabrication process of a silicon photonic foundry and III-V active layers, a MMW photonic system-on-chip can be expected with more functionalities and larger scale for integration. 
Conclusions
A heterogeneously integrated silicon-III/V PIC was demonstrated including tunable lasers and p-i-n photodiode. By use of an ECPD structure and thick BCB layer for planarization, such a device can achieve 3-dB O-E bandwidth as wide as 65 GHz, a wide optical operation window (1520 to 1600 nm) with a reasonable internal responsivity (~0.4 A/W), and a high saturation current (9 mA) at 70 GHz operating frequency. Two ring-based tunable lasers were demonstrated. Tuning of 42 nm was demonstrated with mostly consistent SMSR for the RBR laser. Both lasers exhibit linewidths below 150 kHz. The photodiode and lasers were integrated to demonstrate on-chip microwave generation. Signals from 1 to 112 GHz were achieved.
Future improvements can be made to individual components. The RBR laser should be the laser of choice due to its simple operation and low linewidth. The output power can be raised by increasing mirror reflectivity and optimizing ring coupling through more precise processing, as well as adding a booster semiconductor optical amplifier after the laser. The speed and saturation power of the photodiode can be further improved by replacing the p-i-n PD with a UTC-PD structure.
This device shows that the heterogeneous silicon-InP platform is a viable option as a key
